INTRODUCTION
Most Rhizobi,lm strains which nodulate important crops such as soybean, pea and clover are very sensitive to salt. Several reports have established the adverse effect of salt on the symbiotic nitrogen fixation process [1] [2] [3] [4] . Therefore, selection of salt-tolerant mutants in a particular Rhizobium species may be useful to maximize the nitrogen fixation potential. It has been reported previously that several microorganisms accumulate intracellular inorganic ions such as K ÷, amino acids, betaines or carbohydrates to equilibrate osmotic pressure as the salt concentration of the medium is increased [5] [6] [7] [8] [9] [10] [11] . Increasing levels of NaC! resulted in a parallel increase in intracellular levels of K + in several Rhizobium strains [6, 8] .
Hua et al. [7] determined that the intracellular free glutamate rapidly increased to 88% of the total free amino acids, a 34.4-fold increase, in a Rhizobium sp. strain WR1001, isolated from the Sonoran Desert, when grown in 0.5 M NaCI. Response to osmotic stress cannot necessarily be applied to Na+-induced salt stress. In R. meliloti, Botsford and Lewis [8] found that excess glutamic acid is accumulated regardless of the particular osmolyte, NaCl, polyethylene glycol (PEG) or sucrose, and in proportion to the particular osmolyte, whereas Gehring et al. [10] reported that amino acid transport in Escherichia coli was stimulated by sucrose but not when NaCl of the same osmolality was substituted and glutamate and glutamine transport were inhibited by NaCl. It is not clear for R. leguminosarum if the response to salt stress is the same as the response to sucrose or PEG-mediated osmotic stress. The specific aim of the research presented in this report was to examine intracellular amino acid levels, exopolysaccharide (EPS) levels, and nodulation of pea by NaCi-tolerant and NaCI-sensitive mutants of R.
leguminosarum biovar ciciae grown under NaCI stress.
MATERIALS AND METHODS
C1204b, a spontaneous spectinomycin-resistant mutant of the wild-type R. leguminosa~m biovar viciae strain C1204 (D. Bezdicek, Washington State University), served as the parental strain. Spontaneous NaCi-resistant mutants of C1204b, NAR4 and NAR5, were selected by gradual adaptation to increasing levels of NaCl up to 0.2 M in broth culture. NaCl-sensitive mutants were screened from a population of Kin R colonies, generated by Tn5 mutagenesis using pGS9 as described by Selvaraj and lyer [12] , which were unable to grow on 0.08 M NaCi minimal medium plates without Ca 2+.
R. leguminosarum strains were grown at 24°C in either yeast extract/mannitol medium or minimal medium (MM) as previously described [13] .
Nodulation experiments with pea (Pisum sativum L. cv. Alaska) were essentially carried out as before [11] except for the additional treatment variable of watering with tap water or an aqueous 0.3% NaCI solution for NAR4, a NaCi-tolerant mutant. The acetylene-reduction assay was used as an indirect measurement of nitrogenase activity [14] . Thirty-four-day-old pea plants were assayed as previously described [13] .
Amino acids were quantitated using a Waters HPLC (Milford, MA) equipped with a Novapak C18 column (3.9 x 150 mm). Primary amino acids were derivatized with OPA and proline was derivatized with FMOC-CI. The mobile phase was 20 mM sodium acetate, 0.018% TEA, and 0.3% THF (pH 7.0) in channel A; 100% methanol in channel B. The gradient: 0% to 15% B after 5.0 min, to 40% B after 25 min, to 60% B after 35 min, to 90% B after 40 min, to 100% B after 45 min (flow rate 1.4 ml/min). A fluorescence detector connected to a Maxima workstation NEC computer was used for quantitation of amino acid derivatives.
For the quantitation of EPS, 10-ml cultures of either C1204b, NAR5 or NAR4 grown in MM were harvested at OD675 = 0.9 and centrifuged at 15000 rpm in a Sorvall SS-34 rotor for 30 min. The pellet was then washed once with 1 M NaCI and centrifuged again as before. Of the resulting supernatant, 1 ml was precipitated by adding 2 volumes of acetone. The precipitate was washed once with acetone/water (2:1, v/v), then dried, and dissolved in 1 ml of 1% (v/v) H2SO 4. Carbohydrate content was determined by using the Anthrone test [15] and reading optical density at 540 nm.
RESULTS AND DISCUSSION
Among Rhizobia, the NaCl tolerance varies greatly, from 0.5 M for R. meliloti [16] to 0.1 M for R. leguminosan~m biovar L'iciae (Fig. 1 ). NAR4 and NAR5 were isolated as spontaneous mutants of C1204b which exhibited NaCl tolerance in relation to C1204b (Fig. 2 ). Even though we were able to isolate spontaneous Na+-tolerant mutants of R. leguminosan~m biovar viciae strain C1204b, the mutants were not proficient in nitrogen fixa- tion (Table 1) . NAR4 induced the formation of white nodules on pea and a reduced number under NaCI treatment; whereas the parental strain, C1204b, induced a large number of pink nodules even under NaCI treatment albeit with reduced nitrogen fixation levels. In contrast, the salt-sensitive mutants, NASI2 and NASI4, were as proficient in nodule formation and nitrogen fixation as the parental strain C1204b (data not shown). Phenotypically, the NaCI tolerant mutants were excessively mucoid in comparison to C1204b and by quantitation of EPS for one of the mutants, NAR4, it was shown to produce approximately 2-fold the level of EPS as C1204b (Table 2) . It has been reported previously that alterations in the production of the EPS of rhizobia will affect the formation of effective nodules [17] . Other potential celt wall components that could be effected in NAR4 and NAR5 are the lipopolysaccharide (LPS) and /3-(1 ~ 2) glucan. We did not evaluate changes in LPS, but plan to determine the /3-(1 ---, 2) glucan level of the NaCl-tolerant and sensitive mutants. A R. meliloti mutant that forms ineffective white nodules on alfalfa has been demonstrated to overproduce exopolysaccharide but not produce any detectable/3-(1 ~ 2) glucan [18] . Tn5-induced mutants, NASI2 and NASI4, of C1204b were screened from Km R colonies for their inability to tolerate 0.08 M NaCI without supplementation of Ca 2÷ (Fig. 3) . Interestingly, these mutants were able to grow on 0.08 M NaCI if Ca -'+ was supplied to the medium to a final concentration of 5 raM. We have previously reported on the phenomenon of Ca 2+ alleviation of NaCI toxicity [19] . Phenotypically, NAS12 and NAS14 appeared similar to the parental strain. Values presented are the means of four replicates. Means followed by the same letter across a row are not significantly different as determined by protected least significant difference (LSD) test (P _< 0.05). a CI204b was grown in mannitol minimal medium for 48 h and then amended to 0.15 M NaCI and allowed to grow for an additional 24 h prior to cell harvest for free amino acid analysis, whereas NAR4 and NAR5 were grown in mannitol minimal medium amended with 0.15 M NaCI for 72 h prior to cell harvest. b Not detected. Table 4 Amino acid levels (nmol/mg protein) for the NaCl-sensitive mutants in relation to C1204b ~ Values presented are the means of four replicates. Means followed by the same letter across a row are not significantly different as determined by protected least significant difference (LSD) test (P < 0.05). a Cl204b. NAS12, and NASI4 were grown in mannitol minimal medium without or with 0.1 M NaCl+5 mM CaCI 2 for 72 h prior to harvesting of cells for free amino acid analysis. b Not detected. Fig. 3 . Growth of Rhizobh#n legum#uJsan#n biovar tqciae strain CI204b NaCt-sensitive mutants, NASI2 and NASl4, on minimal medium plates without NaCI (on left) or supplemented with 0.08 M NaCI (on right).
Even though we have previously shown that the exogenous supply of 'common" osmoprotectant compounds to C!204b did not contribute to the alleviation of Na + stress [19] , in the Na*-tolerant mutants NAR4 and NARS, glutamate, glutamine and proline were found to increase up to 19-fold, 28-fold, and 71-fold, respectively, in comparison to C1204b grown under NaCI stress (Table 3 ). Botsford [20] previnusly reported a 5-fold increase in the intracellular concentration of glutamate for R. meliloti grown in the presence of inhibitory levels of NaCI. More surprising was the dramatic increase in serine, up to 32-fold, in relation to C1204b grown under NaCI stress (Table 3). Less dramatic were increases in intraeellular levels of glycine (15-fold) and alanine ( 1 l-fold) in NAR4 compared to C1204b under NaCI stress.
Amino acid levels were quantitated for the NaCI-sensitive mutants NASI2 and NASI4, in relation to the parental strain under two growth conditions, with and without NaCI salt stress (Table 4). For the NaCI-sensitive mutants, NASI2 and NASl4, grown under NaCI selection, only glutamate and proline increased noteably in comparison to C1204b (Table 4) . Two minor differences were in the levels of alanine, which was slightly higher in C1204b under both treatments than in the mutants, and methionine, which was slightly higher in NASi4 grown under NaCI stress than C1204b or NASI2. In general, methionine 139 levels reported in Table 4 are unexplainably higher than those recorded in Table 3 .
A metabolic explanation for the striking alterations in amino acid levels for NAR4 and NAR5 grown under NaCI stress is not at hand. Our ability to successfully complement the spontaneous mutations of NAR4 and NAR5 should lead to some insight as to the nature of the mutations. A possibility would be a regulatory lesion which is affecting more than amino acid metabolic pathway. The Tn5-indueed mutations of NARI2 and NARI4 have been cloned and are under evaluation at this time.
